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(54) Read circuit which uses a coarse-to-fine search when reading the threshold voltage of a 
memory ceil 


(57) A read circuit includes a driver which changes 
a gate voltage of a memoiy cell arKi a sertse circuit which 
identifies when the menxMy cell trips. The driver search- 
es for the threshotel voftage of the memory cell using 
stages which ramp up gate voltage and stages which 
ramp down the gate voltage. Each stage ends when the 
sense circuit senses that the memory cell trips, i.e. t>e- 
gins or stops corxjuctlng. Initial stages ol the search 
have high ramp rates so that the gate voltage reaches 


the threshold voltage. These initial stages can give en- 
accurate threshold voltage readings because hi^ ramp 
rates change the gate voltage during the period between 
the transistor tripping and sertsmg the trip. Later stages 
ramp the gate voltage sk>wty to provide an accurate 
threshokJ voltage reading. The low ramp rate of the last 
stage provides accuracy, and the high ramp rate of the 
initial stages reduces read time. To further reduce read 
time, the search process can t>egin at a median voltage 
for possible threshokJ voltages. 
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Description 

BACKGROUND OF THE INVE^mON 

Field of the Invention 

TTits invention relates to drcurts and methods for 
reading the threshold voltage of a transistor ar\6 to read 
circuits for analog artd multi-level menru>ry. 

Description of Ftelated Art 

U.S. patent application No. 08/333,381. entitled 
■Higfi Resolution Analog Storage EPROM and- Flash 
EPROM', by Sau. C Wong and Hock C. So, filed No- 
vember 2, 1 994 descrbes analog memory and is incor- 
porated by reference herein in its entirety. One embod- 
iment of the memory described in the irtcorporated pat- 
ent application contains a read circuit which slowly 
ramps the gate voltage of a floating gate transistor in a 
menrKxy cell and senses when the nnemory cell begins 
to cor>duct a current The gate voltage when the memory 
cell begins to conduct indicates the threshold voltage of 
the merhory cell and thus an analog value stored in the 
memory cell as the threshold voltage. 

The accuracy of the analog value read depencfe on 
the rate at which the gate voltage is ramped arKi the 
speed and sensitivity of circuitry which senses whether 
a merTx>fy cell conducts. To improve accuracy, the gate 
voltage is ranrtped slowly so that th e gate voltage chang- 
es very little between the memory cell beginning to con- 
duct arid sensing that the memory cell conducts. How- 
ever, slow ramping rates require more time to reach the 
threshold voltage of the celt which irx^reases the read 
times for the memory. A faster read circuit which still 
maintains high accuracy is desired. 

SUMMARY OF THE INVENTION 

In accordance with the invention, a read circuit in- 
cludes a word line driver which ramps a gate voltage of 
a selected memory cell up or down in stages during a 
read process. Each stage ramps the gate voltage in one 
direction and ends when a sense circuit generates a sig- 
nal indicating that the selected memory cell has tripped, 
i.e. stopped or started conductvig. The gate voltage at 
the end of each stage differs from a trip point for the 
memory cell by an amount that deperxJs on the time re- 
quired to sense that the selected memory cell has 
tripped and the rate at which the gate voltage changes. 
The early stages of the read process have relatively high 
ramp rates so that the gate voltage quickly changes 
enough to cause the selected menrnry cell to trip. The 
high ramp rates cause the early stages to end at gate 
voltages which are inaccurate measures of the trip point. 
Later stages, particularly the last stage, have k>w ramp 
rates and end at an accurate measure of the trip point, 
so that the gate voltage at the end of the last stage ac- 
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curately indk:ates the threshold voltage of, and the value 
stored in amemory cell. 

The combinatkxi of higher ramp rates at the start of 
a read and lower ramp rates at the end of the read pro- 
s vkies a k)wer average read time because the tower ranrtp 
rates, which control the accuracy of the read process, 
only change the gate voltage by a smaD arrxxint from 
the approximate readings provided t>y earlier stages. To 
further reduce the average and maximum read times. 
10 the gate of the selected cell can be charged to a voltage 
whk^h is the median for a range of possible trip points 
for the selected menrK>ry cell. This reduces read time by 
cutting in half the maximum gate voltage change re- 
quired to reach the trip point. 
IS In accordance with an aspect of the invention, a 
read circuit which includes a driver, a sense circuit, and 
a ramp control circuit implements the read process to 
read memory cells in an anatog memory or a multi-level 
memory where the threshoki voltage of a memory cell 
indicates an analog value or a multi-bit digital value, re- 
spectively. The read process may be conducted for a 
fixed number of stages where the read time depends on 
the time required to complete all of the stages or where 
the read time is fixed the value obtained after the fixed 
nunnber of stages is heki until the end of the read time. 
Alternatively, the read process with a fixed read time has 
a variable numt>er of completed stages; and during the 
last stages, a very tow ramp rate keeps the gate voltage 
within a small range of the trip point of the selected mem- 
ory cell. 

The gate voltage at the end of the last stage is sam- 
pled and used to determine the value stored in the se- 
lected menrK)ry cell. The sampled gate voltage, whch 
indicates the trip point to an accuracy determined by the 
ramp rate of the last stage, differs somewhat from the 
absolute threshoto voltage of the selected cell but accu- 
rately indk:ates the relative threshoki voltage of the se- 
lected memory cell and the value stored in the selected 
memory cell. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1 A and 1 B show ptots of gate voltages applied 
to a transistor when using read processes in accordance 
with embodiments of the invention to read the threshoki 
voltage of the transistor. 

Fig. 2 shows a portton of a memory in accordance 
with an embodiment of the inventkxi. 

Fig. 3 shows a ramp control circuit for a read circuit 
in the memory shown in Fig. 2. 

Fig. 4 shows timing diagrams for signals generated 
in the ramp control circuit of Fig. 3. 

Figs. 5 and 6 shows portions of other memories in 
accordance with embodiments of the inventton. 

Use the same reference symbols in different fig- 
ures indcates similar or identical itenns. 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In accordance with an aspect of the ffiventlon. a 
method for reading the threshold voltage of a transistor 
proceeds in a series oi stages. Each stage ranrtps (Le. 
changes) the transistor's gate voltage in a direction and 
at a rate or rates selected for the stage and ends after 
the change in gate voltage causes the transistor to cross 
a trip point where the transistor tunns on or off. The di- 
rection and magnitude of ramping are selected so that 
each stage ramps the gate voltage in the opposite di- 
rection from the preceding stage and ramp rates in later 
stages are generally lower than ramp rates in the earlier 
stages. 

Fig. 1 A shows an example of an N-channel transis- 
tor's gate voltage VG during a coarse-to-fine search 
process which reads the transistor Read processes for 
P-channel are similar and will be apparent in view df the 
following description. 

Initially, gate voltage VG and a source voltage VS for 
the trar)sistor are zero, and the transistor is off. During 
a first stage 11 0 of the read process, gate voltage VG is 
ramped up at a rate of about 1.4x10^ volts/second. A 
constant current of at>out 2.0 pA applied to a total ca- 
pacitarK:e of 14 pF, for example, would ramp up the gate 
voltage at 1.4x10^ volts/secorKi. When gate voltage of 
the transistor passes the threshold voltage VT of the 
transistor the transistor turns on. Stage 110 continues 
until the after the turning on of the transistor is sensed. 
Accordingly, gate voltage VG continues moving up dur- 
ing a finite response time required to sense the transis- 
tor turning on and overshoots the trip point and the 
threshold voltage VT by an amount that depends on the 
ramping rate and the sensing time. The gate voltage VG 
ends stage 110 at a voltage VG1 which is greater than 
threshold voltage VT 

A second stage of the read process 120 begins 
when stage 110 ends. During stage 120, gate voltage 
VG is ranped down. When gate voltage VG is below 
threshold voltage VT, the transistor turns off (trips 
again). Stage 120 errds when tripping of the transistor 
is ser)sed which occurs after the gate voltage crosses 
the threshold voltage of the transistor In the process 
illustrated in Fig. 1. stage 120 ramps gate voltage VG 
down at about the same rate that voltage VG was 
ramped up during first stage 110. about 1.4x10^ volts/ 
second. However, in stage 120, the delay between trip- 
ping and sensing may be less than the delay in stage 
110 because during stage 120. a sense circuit is 
charged to a level closer to the trip point. If the serving 
time is decreased for stage 120, stage 120 ends at a 
gate voltage VG2 which is closer to threshold voltage 
VT than is voltage VG1 . 

During a third stage 1 30. ramping is reversed in di- 
rection from the preceding stage 120 and reduced in 
magnitude to about 7x10* volts/second. The slower 
r ^iynpinp during stage 130 when compared to stage 110 


and 120 provides less overshoot than occurred during 
stages 110 and 120, and a gate voltage VG3 at the end 
of stage 1 30 is closer to threshold voltage VT ttiari is 
gate voltage VG1 or VG2. 
s Subsequent stages 140, 150, 160. and 170 each 
reverses ramp direction from the preceding stage 1 30. 
140. 150, and 160 respectively. The later stages uses 
lower ramp rates and end at gate voltages which con- 
verge on the trip point for the transistor. Stage 170. 
10 which is the last stage, uses the lowest ramp rate less 
than about 2x10* votts/second. An advantage of the 
read process shown in Fig. 1 A is that the firmi reading 
has an accuracy which is determined by the ramp rate 
of stage 170. However, during the preceding stages, 
IS higher r;amp rates more quickly drive gate voltage VG 
to the threshold level. Accordingly, the read process of 
Fig. 1 A can take considerably less time than a read proc- 
ess which used a constant ramp rate equal to the ramp 
rate <^ step 170. 

In the process of Fig. 1 A. the ramp rate is reduced 
by about half about every other stage. An alternative 
process reduces the ramp rate each stage. However, 
many patterns for reducing ramp rates may be em- 
pk>yed. For example, the ramp rate may be reduced pro- 
portionally for each successive stage, for example, by 
one half, one third, or one fourth, or reduced irregularly 
with large (or small) reductkxis in early stages artd small 
(or large) reductions in late stages. Additkxially, the 
ramp rate may be changed during a stage. Alternatively, 
the ramp rate is hekj constant whk:h causes the gate 
voltage to oscillate around the trip point being read, and 
a filter is used to extr^t the trip point from the oscillating 
signal. As still another alternative, ramping is stopped 
entirely after a stage which determhes the trip point to 
a desired accuracy, and capacitance in the system hokJs 
the measured voltage for later sampling. 

Ideally, ramp rate reductions are selected to mini- 
mize the read time required to provkie the desired ac- 
curacy. Minimization of read time depends on the start- 
ing point of the gate voltage, the range of possible 
threshold voltages which can be read, the maximum us- 
able ramp rate, the minimum ramp rate (i.e. the desired 
accuracy), and the times required to sense the ends of 
the stages. 

In a worst case for the processes of Fig. 1A, first 
stage 110 ramps gate voltage VG from 0 volts to the 
highest possible threshokl voltage, for example up to 6 
volts. The worst case provides the longest read time and 
increases the amount of time which must be alkDtted for 
each read. Fig. 1 B shows a read process which reduces 
the worst case read time. In the process of Fig. 1 B, gate 
voltage VG is initially charged to a voltage level VTM 
which is the mean of possible threshoM voltages or trip 
points. The initial charging of gate voltage VG to voltage 
level VTM may be done quickly using a power supply. 
Once the gate is initially charged, wfiether the transistor 
conducts at voltage VTM is sensed, and a ramping di- 
rection for a first stage 115 is selected to drive voltage 
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VG toward the trip point. In Fig. IB. threshold voltage 
VT is greater than voltage VTM 6o that the transistor 
initially does not conduct and ramping up is selected for 
stage 115. If the transistor initially coriducted, stage 115 
would ramp gate vottage VG down. 

Starting the process at voltage VTM, the middle of 
the range of possOile efKiing gate voltages, reduces the 
average and the worst case read times because the 
maximum difference between VTM and a possible 
threshold voltage is half the range of possible threshold 
voltages arid initial ramping stage 115 takes less time. 
After the initial stage 115, the read process of Fig. 1B 
proceeds as described above for the process of Fig. 1 A. 

Fig. 2 shows a portion of an analog memory 200 
which includes a read circuit in accordance with an em- 
bodement of the invention. Memory 200 contains an ar- 
ray 210 of N rows and M columns of memory cells 211 
which a row decoder 220 and a column decoder 230 
connect to the read circuit during a read. The read circuit 
includes a sense circuit 240. a ramp control circuit 250, 
and a word tine driver 260. Write circuits and input/out- 
put interfaces which are components of memory 200 are 
well Icnown in the art and are not shown in Fig. 2. Mem- 
ory cells 211 can be floating gate transistors, metal ni- 
tride oxide silicon (MNOS) transistors, or split gate 
memory cells, each having a single accessble gate and 
a threshold voltage which indicate a value stored. After- 
native embodiments of the invention employ multiple 
transistor memory cells which have separate select 
gates (not shown) and control gates. 

In still other alternative embodiments, memory 200 
is a multilevel memory which stores multiple bits of in- 
formation in each memory cell 211 . A multilevel memory 
provides a digttal-to-analog conversion when writing a 
digital value as a threshold voltage of a merrK>ry cell, 
and an analog-to<iigttal conversion of a threshold volt- 
age read from a memory cell. 

Each word line 21 2 in memory array 21 0 is connect- 
ed to the control gates of a row of memory cells 21 1 and 
to row decoder 220. When reading a selected one of 
memory cells 211 , row decoder 220 connects word line 
driver 260 to a selected one of word lines 212 which is 
connected to the control gate of the selected memory 
cell. The remaining unselected word lines are grounded. 
Row decoders such as row decoder 220 which select a 
row indicated by an address signal are well known in the 
art. 

Initially, the selected word line is charge to the de- 
sired starting point of the search by a precharge circuit 
280. The starting point of the search may be the lowest 
possible threshold voltage, the midpoint of the range of 
possible threshold voltages, the highest possible 
threshold voltage, the ground potential, the supply volt- 
age Vcc. or any other desired voltage. In a first stage of 
a coarse-to-fine search, word line driver 260 ramps a 
voltage VG, the voltage on the selected word line, to- 
wards the threshold voltage of the selected memory cell. 
Memory cells 211 are N-channel devices having source 


lines which are grourided, so that when voltage VG is 
greater than the threshold voltage of the selected mem- 
ory cell the selected memory cell turns on. 

Each bit line 21 3 in memory array 210 is connected 
s to the drains of a column of memory cells 211 and to 
column decoder 230. During reading of the selected 
memory cell, colurm decoder 230 connects sense cir- 
cuit 240 to a selected one of bit lines 21 3 which is con- 
nected to the drain of the selected menrx>ry cell. Sense 

10 circuit 240 senses whether any memory cell 211 con- 
nected to the selected bit line conducts. A digital signal 
SAOUT from sense circuit 240 is high if no menrxwy cell 
connected to the selected bit line conducts and low if 
sense circuit 240 senses that the selected memory cell 

IS conducts. 

Ranr^p control circuit 250 nrxxiitors signal SAOUT 
When signal SAOUT is high, ramp control circuit 250 
asserts a signal UP, and word line driver 260 ramps up 
voltage VG. When signal SAOUT is low. ramp control 

20 circuit 250 deasserts a signal UP. and word line driver 
260 ramps down voltage VG. Accordingly, each time the 
selected memory cell trips, sense circuit 240 changes 
signal SAOUT and word line driver 260 reverses the di- 
rection of ramping. 

2S In memory 200. word line driver 260 contains pull- 
up circuits 261 to 264 which a P-channel transistor 271 
connects to a capacitor 270 when signal UP is asserted. 
Capacitor 270 is added to slow the ramping rate and 
typically has a capacitance of about 1 0 to 100 pF which 

30 dominates a typical word line capacitance of a few pR 
An N-channel transistor 272 connects pull-down devic- 
es 265 to 268 to capacitor 270 when si^l UP is deas- 
serted- 

At the end of each stage in a read process, signal 

35 UP switches from h igh to low or low to hi^. Th is switch- 
ing can cause a rapid change in voltage VG because 
changes in signal UP pass through the gate capacitance 
of transistors 271 and 272. For example, in Fig. 1 A the 
beginning of stage 1 20 includes a rapid drop 1 25 in the 

40 gate voltage caused by si^al UP dropping from supply 
voltage Vcc to ground. In word line driver 260. transis- 
tors 273 and 274 have gate voltages which are conple- 
mentary to the gate voltages of transistors 271 and 272 
so that switching of th& gate voltages of transistors 273 

4S and 274 oppose changes caused by switching of the 
gate voltages of transistors 271 and 272. The gate ca- 
pacitance of transistors 273 and 274 can be selected to 
match respective transistors 271 and 272, to nearly 
eliminate changes in voltage VG caused by changing 

so signal UP. 

The magnitude of the current which charges or dis- 
charges capacitor 270 depends on which of pull-up cir- 
cuits 261 to 264 or pull-down circuits 265 to 268 are dis- 
abled. Ramp control circuit 250 generates signals INO. 

ss INI. and IN2to selectively disable ruxie, some, or all of 
pull-up circuits 262 to 264 or pull-down circuits 266 to 
268. When signals UP. INC. INI. and IN2 enable alt of 
pull-up circuits 261 to 264. voltage VG ramps up at a 
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maximum rate controfled which is the sum of the cur- 
rents through pull-up circuits 261 to 264. If signal Up is 
deasserted axtd all of pulkiown circuits 265 to 268 are 
enabled, voltage VG ramps down at a maximum rate. 
In late stages of the read process, ramp control circuit 
250 changes signals INO. IN1 . and IN2 to disable some 
or all of pull-up circuits. 262 to 264 or pulMown circuits 
266 to 268 and reduce the ramp rate. 

The amount of current through each of circuits 261 
to 268 depends on the size of P-channel transistors 
261 A to 264A and Nnchannel transistors 265A to 268A. 
P-channel transistors 261 A to 264A are connected to a 
voltage VCP which is greater than the maximum thresh- 
old voltage erf memory cells 211 and have bias voltage 
PBIAS applied to their gates. N-channel transistors 
265A to 268A are connected to ground and have bias 
voltage NBt AS are applied to their gates. Each of circuits 

262 to 264 and 266 to 268 is individually enabled or dis- 
abled by tuming on or off a corresponding one of tran- 
sistors 262B to 2648 and 2668 to 2688. Circuits 261 
and 265 are enabled or disabled solely by transistors 
271 and 272. 

In one embodiment of the invention, pull-up circuit 
261 is not present, and each pull-up circuit 262 to 264 
supplies a different amount of current depending on the 
size of transistors 262A to 264A. Foi^example, pull-up 
circuit 262 provides the smallest current, pull-up circuit 

263 provides three times the current provided by pull- 
up circuit 262. and pull-up circuit 264 provides twelve 
times the current of pull-up circuit 262. If all of signals 
INO, INI, and IN2 are asserted high, a total current, 
which is sixteen times the current through pull-up circuit 
262. ramps up the gate voltage VG. Deasserting signal 
IN2 drops the ramping rate by a factor erf four, and de- 
asserting signals IN2 and INI decreases the ramping 
rate by a factor of sixteen. 

Fig. 3 shows an embodiment of ramp control circuit 
250. Ramp control circuit 250 contains flip-flops 310, 
320, 330. 340, and 350. Signal SAOUT from the sense 
circuit is applied to a data input temninal of flip-flop 310, 
and a non-inverted output terminal of flip-flop 310 is cou- 
pled to the data ffiput temiinal of flip-flop 320. A signal 
CLK clocks flip-flops 310 and 320. A signal CNT from 
an inverted output terminal of flip-flop 320 clocks flip- 
flops 330. 340. and 350 which are connected together 
with a non-Inverted output terminal of flip-flop 330 cou- 
pled to a data input terminal of flip-flop 340 and a non- 
inverted output terminal of flip-flop 340 coupled to a data 
input temninal of flip-flop 350. Output signals UP. IN2. 
INI. and I NO are respectively from a non-inverted output 
terminal of flip-flop 310 and inverted output terminals of 
flip-flops 330. 340. and 350. 

Fig. 4 shows timing diagrams of signals in ramp 
control circuit 250 of Fig. 3 during a read process which 
is begun at time 405 when a signal RESET8 is asserted 
low to reset or clear flip-flops 310, 320. 330. 340, and 
350. Resetting the flip-flops causes signals UP. IN2. INI. 
and INO to be low, high, high, and high respectively so 


that word line driver 260 drives the selected word line 
toward ground. Sense circuit 240 is then activated and 
assets si^ial SAOUT high at time 41 5 to indicate that 
the selected memory cell does rurf conduct At time 420. 
s an edge of signal CLX triggers flip-flop 310 which as- 
serts signal UP to begin ramping up voltage VG. Flip- 
flop 320 is also triggered at time 420. but signal CNT 
does not change because the signal at the data input 
termhal of flip-flop 320 at time 420 is low. 
10 Ramping up continues until after time 425 when 
sense circuit 240 senses that the selected merrK)ry cell 
has tripped. In particular, at time 430, arKrfher edge of 
signal CLK triggers flip-flop 310 which deasserts signal 
UP to begin ramping down voltage VG. Rip-flop 320 de- 
is asserts signal CNT at time 430. Fl^flops 330. 340, and 
350. being positive edge triggered, do not change sig- 
nals IN2, INI , or \hlO so that ramping down is still at the 
maximum ramp rate. 

Ramping down continues until time 440 which is af- 
ter sense circuit 240 senses that the selected memory 
cell has tr^ped again and when flip-flop 310 asserts sig- 
nal UP to begin ramping up voltage VG. Flip-flop 320 
asserts signal CNT at time 440 which triggers flip-flops 
330. 340. and 350. Flip-flops 330 has its data input cou- 
pled to a supply voltage Vcc and when triggered deas- 
serts signal IN2. Deasserting signal IN2 causes word 
line driver 260 to reduce the ramping rate. Signals INI 
and INO remain asserted at time 440 because signals 
at data input terminals (rf flip-flops are low. At time 450 
which is the next edge of sigrel CLX. word Irie driver 
260 is still ramping up voltage VG. and the selected 
memory cell does not conduct. Si^ial CLK triggers f\tp- 
flop 320 which deasserts signal CKT because signal UP 
changed at tvne 440. 

Sense circuit 240 next senses that tne selected 
memory cell trips at time 455; and at time 460. flip-flop 
310 changes signal UP Ramping down begins at the 
same rate as the previous ramping up stage because 
signals IN2. INI. and INO do not change at time 460. 
Flip-flop 320 does not change signal CNT until time 470. 
the edge of signal CLK following the change in signal 
UP. At time 470. flip-flop 340 deasserts signal INI , and 
the ramping rate falls. 

For the timing diagram of Fig. 4, each stage of the 
read process ends at an edge of signal CLK folk>wing 
sense circuit 240 sensing that the selected memory celt 
has tripped. The ramping rate decreases one cycle of 
signal CLK after the beginning of each stage (except the 
first stage) until all of signals IN2. INI. and INO are de- 
asserted after which only puil-up circuit 261 or pull-down 
circuit 265 control gate voltage VG. Pull-up circuit 261 
arKi pull-down circuit 265 may be designed to provide 
and draw only a minimal current which keeps gate volt- 
age VG near the level found at the end of the stage in 
which signal INO was deasserted. In this way. if the total 
read time for each read is constant, the read voltage is 
retained for cases where the search process quickly 
converges on the voltage to be read. If desired, a Alter 
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extracts an average value from voltage VG while voltage 
VG oscillates arourul the trip point 

A sample-and-hold circuit 290 holds voltage VG 
found at the end of the read process. This voltage de- 
pends on the trigger point sensed by sense circuit 240 
and rr^y differ somewhat from the threshokl voltage of 
the selected cell. Fig. 5 shows an example menx>ry 500 
which Illustrates the difference t>etween the threshold 
voltage and the trip point of a memory cell. Memory 500 
contains an array 210 of memoiy cells 211. a row de- 
coder 220. a word line driver 260, and a ramp control 
circuit 250 which operate as described above in regard 
to Fig. 2. The sense circuit in memory 500 ir^ludes an 
amplifier 545. a reference cell 511 , and transistors 542, 
543. 544, 546 and 547 which forms a circuit such that 
at the trip point a cun'ent through the selected memory 
cell is equal to a current through reference cell 511 . 

Reference cell 511 is staicturally identical to mem- 
ory cells 211 and is part <rf a row of reference cells. The 
reference cells may be formed in the same area as array 
210 and with the same spacing as memory cells 211 so 
that the reference cells are subject to substantially the 
same process variations as are memory cells 211 . The 
reference cells differ from memory cells 211 in that the 
control gates of the reference cells are not coupled to 
word lines 212, and a bit line 51 3 which connects to the 
drains of the reference cells ts not selectable by column 
decoder 530. 

During a read of a selected memory cell, a refer- 
ence voltage VREF which is slightly greater than the 
threshold voltage of reference cell 511 is applied to the 
control gate of reference cell 51 1 . and a drain voltage is 
applied to the bit line connected to the drain of the ref- 
erence cell so that a current flows through reference cell 
511 . Preferably the current is small on the order of 1 
for a typical analog memory cell structure. A cascoding 
device 547 which has a gate voltage fixed by a second 
reference VBI AS may be used to control the drain volt- 
age. VBI AS would typically be about 2 volts to limit the 
drain voltage and prevent read disturb of reference cells 
511. 

Transistor 542 is tumed on to apply the drain voltage to 
the reference celt 511. 

At the trip point, the current through reference cell 
511 is equal to the current through the selected memory 
cell. To accomplish this, a current mirror is created using 
a transistor 543 connected in series with transistors 542 
and 547 and reference cell 511. The gate and drain of 
transistor 543 are coupled to the gate of a transistor 544 
which is connected in series with a cascoding device 
546. a transistor 531 which is tumed on inside a column 
decoder 530, and the selected memory cell. Transistor 
544 is identical to transistor 543. Cascoding devices 546 
and 547 are identical and have the same gate voltage 
(VBI AS), and transistor 542 is identical to the transistor 
531 which is tumed on in column decoder to connect 
the sense circuit to the selected cell. 

Amplifier 545 is connected to nodes in both sides 


of the current mirror. When the current through the se- 
lected memory cell is not equal to the current through 
refererx^e cell 511 . the current mirror is unbalanced. For 
example, if the selected menrx>ry cell corxlucts less cur- 
5 rent than reference cell 511 , voltages at a positive input 
terminal 544 of amplifier 545 is higher than voltage at a 
negative input terminal 549 of amplifier 545. and ampli- 
fier 545 drives signal SAOUThigh. If the selected mem- 
ory cell conducts more current than referer^e cell 511 , 

10 voltages at positive input terminal 546 is lower than volt- 
age at negative input terminal 549. and amplifier 545 
deasserts signal SAOUT. 

The trip point of the sense circuit of Fig. 5 is the point 
where currents are equal. At the trip point, word line vott- 

is age VG for the selected merrxjry cell is greater than the 
threshold voltage of the selected memory cell by the 
same amount that reference voltage VREF is greater 
than the threshold voltage of reference ceil 511. Typi- 
cally, voltage VG being different from the threshold volt- 

20 age is unimportant because during reading the relative 
threshold voltages of the memory cells, rather than the 
absolute threshold voltages, indicate the values stored 
in the memory cells, and voltage VG indicates the rela- 
tive threshold voltage. 

25 Fig. 6 shows a menrxxy 600 including reference 
cells 611 having control gates connected to word lines 
21 2. In accordance with one embodiment of the inven- 
tion, reference ceils 611 are unprogrammed, i.e. have 
the lowest possible threshold voltage. During a read. 

30 word line driver 260 applies gate voltage VG to both the 
selected memory cell and to a reference cell 611 in the 
same row as the selected memory cell. When ramping 
up voltage VG, the reference cell begins to conduct be- 
fore the selected memory cell begins to conduct unless 

35 the selected memory cell also has the lowest threshold 
voltage. NA^Itage on positive input terminal 548 is near 
supply voltage Vcc when the selected menxxy cell does 
n<^ conduct, and voltage at negative input terminal 549 
is lower because a current passes through transistor 

40 643. Amplifier 545 provides a high output when transis- 
tor 211 does not conduct. 

When voltage VG nears the threshold voltage of the 
selected memory cell, the selected memory cell begins 
to conduct and the voltage at positive input terminal 548 

45 drops. Voltage at negative input terminal 549 also drops 
because the conducting reference cell conducts rTK>re 
current as voltage VG increases. However, transistor 
643 is bigger (e.g. has a larger channel width) than tran- 
sistor 544 so that the increase in current through the 

50 selected memory cell causes voltage on the positive in- 
put terminal 548 to drop faster than the voltage on the 
negative input terminal 549 when the selected memory 
cell begins toconduct. When ramping down voltage VG, 
the selected memory cell begins to turn off, and voltage 

55 at positive input terminal 548 rises faster than voltage 
at negative input temninal 549. 

In the memory 600, current through a menory cell 
at the trip point for the memory cell depends on the 
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threshold vottage of the memory cell. When higher 
threshold vortage memory celb are read, higher cur- 
rents flow through both the reference cell and the se- 
lected memory cell because voltage VG provides great- 
er overdrive to the reference cell. Accordingly, the dif- 5 
ference between the trip point and the threshold voltage 
for a cell Increases with hi^er threshold voltages. This 
make determinatkxi of the at)solute threshold voltage 
more difftcult. but voltage VG still provides an accurate 
measure of the relative threshold voltages of merrxxy io 
cells. An advantage of memory 600 is that reference 
cells can more easily be made as part of array 210 with- 
out the need to isolate the control gates the reference 
cells or provide reference voltage for the control gates 
of the reference cells. Additionally, extra decode circuit- *s 
ry is not required to select a reference in the same row 
as the cell being read. 

Although the present invention has been described 
with reference to particular embodiments, the descrip- 
tion is only an example of the invention's application arKJ 20 
should not be taken as a limrtatksn. N^rious adaptations 
and combinations of features of the emtxxiiments dis- 
ck>sed are within the scope of the present invention as 
defined by the tolk>wing claims. 


Claims 

1 . A read circurt comprising: 

30 

a driver which is operable in a first nrxxie to 
ramp up an output voltage which is applied to 
a gate in a selected nDenrK>fy cell during a read 
process and operable in a secortd mode to 
ramp down the output voltage which is applied 
to the gate in the selected memory cell during 
the read process; 

a sense circuit which generates a first signal in- 
dicating whether the selected meniory cell con- 
ducts a first current; and ^ 
a control circuit coupled to the sense circuit and 
the driver, wherein during the read process, the 
control circuit switches the driver between the 
first nrxxie and second nxxJe in response to 
changes in the first signal from the sense cir- 4S 
cuit. 

2. The read circuit of claim 1, further comprising a 
sample-and-hoki circuit coupled to sample the out- 
put vottage of the driver, wherein a sample taken by 50 
the sample-and-hdd circuit indicates a value read 

by the read circuit. 

3. The read circuit of claim 1 . wherein: 

ss 

the driver comprises circuitry for ranrtping the 

output voltage at different rates; and 

the control circuit comprises circuitry for select- 


ing that the driver ramp the output voltage at a 
first rate during a stage in a read process and 
ramp the output voltage at a second rate at an 
end of the read process, the second rate being 
k3wer than the first rate. 

4. The read circuit of claim 3, further comprising a 
sample-and-hoM circuit coupled to sample the out- 
put vottage of the driver at the erKi of the read proc- 
ess, wherein a sample taken by the sanr^le-and- 
hokJ circuit Godicates a value read by the read circuit 

5. The read circuit of claim 1 , wherein the driver com- 
prises: 

a first plurality of k>ads coupled to a voltage 
source; 

a second plurality of loads coupled to ground; 
a capacitor coupled to an output terminal which 
provides the output voltage; an6 
selectnn circuitry which connects selected 
loads from the first and second pluralities to the 
output terminal, whereri a rate and direction of 
ramping of the output voltage depends on 
which loads are connected to the output termi- 
nal. 

6. The read circuit of claim 1 , further comprising a row 
decoder coupled between the driver and an array 
of nr^mory ceils, and a column decoder coupled be- 
tween the sense circuitry and the array 

7. The read circuit claim 1 . wherein the sense circuit 
comprises: 

a reference ceil which is structurally identical to 
the selected memory cell; 
a first bias circuit which biases the reference 
cell to conduct a reference current, the first bias 
circuit containing a first node; 
a second bias circuit which biases a source and 
a drain in the selected memory cell so that when 
the selected menrx^ry cell cornJucts the first cu r- 
rent, a vottage on a second node in the second 
bias circuit is equal to a voltage on the first node 
in the first bias circuit; and 
a differential anpllfier having a first input termi- 
nal coupled to the first node and a second input 
terminal coupled to the second node, wherein 
the differential amplifier generates the first sig- 
nal. 

8. The read circuit of claim 7, wherein: 

the first bias circuit comprises a first transistor 
coupled between a supply vottage and a cur- 
rent carrying terminal of the reference cell; and 
the second bias circuit comprises a second 
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transistor coupled between the supply vottage 
and a current carrying terminal of the selected 
memory cell, wherein 

a gate and drain of the first transistor are cou- 
pled to each other and to a gate of the second s 
transistor to form a current mirror 

9. The read circuit of claim 8. wherein: 

the first bias circuit further comprises a refer- io 
ence voltage generator which applies a refer- 
ence voltage to a gate of the reference cell; 
the first transistor is structurally identical to the 
second transistor; arxj 

the first current is equal to the reference cur- is 
rent 

10. The read circuit of claim 8, wherein: 

the output voltage of the driver is applied to a 20 

gate of the reference cell; 

the reference cell has a threshold voltage that 

is at least as low as a lowest possible threshold 

voltage for the selected celt; 

the first transistor is larger than the second tran- 2S 

siston and 

the first current is smaller that the reference 
current. 

11. A memory comprising: ^ 


ramp the output vottage at a second rate at an 
end of the read process, the second rate being 
lower than the first rate. 

13. The memory of claim 12. further connprfeing a sam- 
ple-and-hold circuit coupled to sample the vottage 
from the driver, wherein a sample taken at the end 
of the re^ process, by the sample-and-hold circuit 
indicates a value read by the read circuit. 

14. The memory of claim 11 . further comprising: 

a row decoder coupled between the driver and 
the word lines, wherein during the read proc- 
ess, the row decoder connects the driver to the 
selected word line; and 
a column decoder coupled between the sense 
circuitry and the bit lines, wherein during the 
read process, the column decoder connects the 
sense circuit to a selected bit line. 

15. The memory of claim 11, wherein the merrK>ry 
stores analog values, each analog value being gd- 
dicated by a threshold vottage of a menrK>ry cell in 
the array. 

16. The menrwry of claim 11. wherein the memory 
stores digital values, wherein a threshold vottage of 
a menrx^ry cell in the array tr)dicates multiple bits for 
a stored digital value. 

17. The memory of claim 11, wherein the sensacircuit 
comprises: 

a reference column which is in the array and 
contains meriKxy cells having a lowest possible 
threshold vottage for memory cells in the array; 
a first bias circuit which during the read process 
is connected to a bit line for the reference col- 
umn; 

a second bias circuit which during the read 
process is connected to the selected bit line; 
and 

a differential amplifier having a first input termi- 
nal and a second terminal respectively coupled 
to a first node in the first bias circuit and a sec- 
ond node in the second bias circuit. 

wherein the differential amplifier generates the 
sense signal. 


an array of memory cells which includes word 
lines ar)d bit Ihes, each word line being coupled 
to control gates of a row of memory cells in the 
array, each bit line being coupled to a column 3S 
of menrK>ry cells in the array; 
a driver which is operable in a first nrKxie to 
ramp up a voltage on a selected word line dur- 
ing a read process and operable in a second 
nrKxie to ramp down the voltage on the selected 40 
word line during the read process; 
a sense circuit which generates a sense signal 
indicating whether a selected bit line conducts 
a first current; and 

a control circuit coupled to the sense circuit and ^ 
the driver, wherein during the read process, the 
control circuit switches the driver between the 
first rTKde and second mode in response to 
changes in the sense signal. 

12. The memory of claim 11, wherein: 

the driver comprises circuitry for ranrping the 
vottage on the selected word line, at different 
rates; and 

the control circuit comprises circuitry for select- 
ing that the driver ramp the output voltage at a 
first rate during a stage of the read process and 


18. The memory of claim 17. wherein: 

the first bias circuit comprises a first transistor 
coupled between a supply vottage and the bit 
line for the reference column; and 
the second bias circuit comprises a second 
transistor coupled between the supply voltage 
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and the selected t>ct line, wherein 
a gate and drain of the first trartststor are cou- 
pled to each other and to a gate of the secorKJ 
transistor so that current on the bit line for the 
reference column controls the conductivity of 
the second transistor. 


25. The method of claim 24, wherein the initial level is 
a voltage which is the median of a range of possible 
threshold voltages for the selected meoKxy cell. 


1 9. The memory d claim 1 8, wherein the first transistor 
is larger than the second transistor. 

20. A method for reading a memory cell, the method 
comprising: 


10 


executing a series of stages including a first 
stage and a last stage, wherein each stage 
comprises: 

changing a gate voltage applied to the 
memory cell; and 

ending the stage after changing ot the gate 20 
voltage causes the memory cell to trip, 


wherein 

for each stage except the first stage, a direction 
selected for changing the gate voltage during 2S 
the stage is opposite to a direction selected for 
changing the gate voltage during a preceding 
stage; 

sampling the gate voltage after the last stage; 
and ^ 
determining from a sampled gate voltage a val- 
ue read from the memory cell, 

21. The method of claim 20, wherein a rate of change 

in the gate voltage during the last stage is less than 3S 
a rate of change in the gate voltage during the first 
stage. 

22. The metfKxJ of claim 20, wherein determining the 
value read comprises determining an analog value. 

23. The method of claim 20, wherein determining the 
value read comprises determining a multi-bit digital 
value represented by the sampled gate voltage. 

45 

24. The method of claim 20, further comprising: 

precharging the gate voltage of the selected 
memory cell to an initial level; 
sensing whether the initial level of the gate volt- so 
age causes the selected merrK>ry cell to con- 
duct; and 

selecting a direction for changing the gate volt- 
age during the first stage, wherein the direction 
selected for the first stage is determined by S5 
whether the initial level of the gate voltage 
causes the selected merrwry cell to conduct. 
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